We fabricated a hybrid-type acousto-optic ͑AO͒ device ͓Pb(Zr,Ti)O 3 (PZT)/TiO x /SiO 2 /SiN x / SiO 2 /Si͔ and analyzed AO Bragg diffraction efficiency ͑͒ to estimate the applicability of piezoelectric PZT to a Bragg-diffraction-type AO device. A surface acoustic wave ͑SAW͒ was generated on the PZT film, and an optical beam ͑He-Ne laser͒ was guided in the SiN x film. was varied to 9% in the AO devices fabricated with various AO quality factors ͑Q͒ and film thicknesses of top SiO 2 and PZT film, respectively. Using the results, we qualitatively analyzed the decay of SAW power to the film depth direction and AO figure of merit (M 2 ϭ0.75ϫ10 Acousto-optic ͑AO͒ interaction in a thin film waveguide was reported by Kuhn et al.
Acousto-optic ͑AO͒ interaction in a thin film waveguide was reported by Kuhn et al. 1 using a glass, and the integrated film type AO device with a surface acoustic wave ͑SAW͒ has been realized and shown to be applicable in modulation, switching, deflection, spectrum analysis, and so on. [2] [3] [4] In the fabrication of a Bragg diffraction type AO device, it is important to select an optimum piezoelectric material and an optical waveguide with large piezoelectric constant and AO figure of merit (M 2 ), respectively. For the past 30 years, ZnO, quartz, and LiNbO 3 have been studied for use as piezoelectric films in the fabrication of AO devices. 3, 4 Pb(Zr,Ti)O 3 ͑PZT͒ films have not been used in AO devices using SAW because of higher acoustic wave attenuation and lower sound wave velocity as compared to the conventional piezoelectric materials, limiting the filtering accuracy and high resonance frequency of the SAW device, respectively. 5 However, PZT has been known to show a much better piezoelectric constant and an electromechanical coupling coefficient than other conventional piezoelectric materials. 5, 6 Using the superior piezoelectric characteristics of the PZT, the generation of higher intensity of SAW is anticipated with an appropriate structure of inter-digital transducer ͑IDT͒. In the AO Bragg diffraction, it is well known that the change of refractive index (⌬n) in the optical waveguide is proportional to the square root of the intensity of SAW (I s ) and M 2 .
7 Therefore, the higher intensity of SAW generated on the PZT film leads to a larger AO Bragg diffraction efficiency ͑͒, the ratio of optical intensity of the diffracted, and incident optical beams.
In this experiment, we analyzed the applicability of the piezoelectric PZT film to a Bragg-diffraction-type AO device using a hybrid structure: PZT/TiO x /SiO 2 /SiN x /SiO 2 /Si. ͑Fig. 1͒ The PZT precursors were prepared from a metalorganic ͑0.4 M͒ solution of lead acetate ͓Pb(CH 3 COO) 2 •3H 2 O͔, zirconium n-propoxide ͓Zr(CH 3 H 7 O) 4 ͔, and titanium isopropoxide ͕Ti͓(CH 3 ) 2 CHO͔ 4 ͖ dissolved in 1-propanol. The composition of PZT solution was on the morphotropic phase boundary (Zr/Tiϭ52/48), which is known to show maximal piezoelectric constant (d 33 ). 6 The PZT films spin coated on the TiO x /SiO 2 /SiN x /SiO 2 /Si structures were dried at 350°C for 5 min and crystallized at 650°C for 20 min. The SiN x film fabricated by a lowpressure chemical vapor deposition ͑LPCVD͒ was used as an optical waveguide. The optical propagation loss of LPCVD SiN x film was reported to be very low, 0.1 ͑dB/cm͒, and the refractive index ͑n͒ was reported as 2.01. 3 The AO figure of merit (M 2 ϭn 6 p 2 /V 3 ) of SiN x film was calculated to be 1.04ϫ10
Ϫ18 s 3 /g using reference data such as elasto-optic coefficient (p yy ϭ0.12), sound wave velocity (V ϭ6960 m/s), and density (ϭ2.7 g/cm 3 ). 3, 8, 9 The thickness of SiN x film used in this study was 400 nm and the refractive index measured by a prism-coupling method was 1.98. Two , it was observed that the PZT perovskite phase was homogeneously formed and the average grain size was about 100 nm.
To investigate with the variation of AO quality factor (Qϵ2L/n⌳ 2 ), such as , 2, and 4, different shapes of IDTs ͑Pt/Ti͒ were fabricated on the same PZT(400 nm)/TiO x (50 nm)/SiO 2 (400 nm)/SiN x (400 nm)/ SiO 2 (500 nm)/Si structure. 10 , L, and ⌳ are optical wavelength ͑633 nm͒, acoustic aperture, and wavelength of SAW, respectively. Among the design parameters of IDT, L, and ⌳ were the main variables for different Q conditions. The resonance frequencies of the three devices (Qϭ, 2, and 4͒ were 164, 237, and 240 MHz, respectively. Figure 3 shows with the variation of Q and acoustic power for the case with TE 0 mode of incident light. of the three devices were 4.4%, 4.7%, and 8.1% at acoustic power of 60, 44, and 91 mW, respectively. From the results, it was verified that was highly dependant on Q as well as acoustic power ( P a ) generated on the PZT surface. In addition, the PZT film was confirmed as a possible candidate for a piezoelectric material for a Bragg diffraction type AO device. However, M 2,SiN x , the AO figure of merit in our SiN x film and P a,SiN x , the acoustic power propagated from the PZT surface to SiN x in the hybrid device structure, could not be calculated only using with the variation of Q.
As values calculated by experimental and theoretical results, the former was about only a third of the latter and this tendency was similar in AO devices at Qϭ and 2. This difference may be due to the decay of SAW power to the film depth direction ( P a, SiN x Ͻ P a, PZT ) or relatively small M 2, SiN x compared with the theoretically calculated value (1.04ϫ10 Ϫ18 s 3 /g). For the qualitative analysis on these two reasons, the measurements of with variation of top SiO 2 and PZT film thickness were carried out
͑1͒ Table I shows the fabrication conditions of AO devices ͑Nos. 1-4͒ with variation of top SiO 2 and PZT film thickness. The same IDT pattern (Qϭ4, ⌳ϭ30.8 m, L ϭ6 mm) was fabricated on the PZT films of all devices and the thickness of TiO x film was also the same in all devices with 50 nm. The resonance frequencies of the four devices ͑Nos. 1-4͒ were 228, 235, 301, and 283 MHz, respectively. These different resonance frequencies may be due to the differences of film thickness fabricated in each AO device. Figure 4 shows with variation of film thickness and acoustic power for the case with TE 0 mode of incident light. As the total thickness of PZT/TiO x /SiO 2 layer on SiN x film increased in each AO device, decreased at the same acoustic power. This result means that is dependent on the decay of acoustic power to the film depth direction from the PZT surface to SiN x film. This result was used for the qualitative estimation on the propagation ratio of acoustic power ͑␥͒ and 1  251  296  2  251  165  3  522  296  4 522 165
The relation between P a, SiN x and P a, PZT can be described as Eq. ͑2͒ using the propagation ratio of acoustic power in SiO 2 (␥ s ), PZT (␥ p ), and film boundaries (␥ b ) when ignoring the decay of acoustic power in TiO x film
By numerical calculation considering the acoustic impedance of each film, ␥ b was calculated to be 0.92 at the condition of ⌳ϭ30.8 m.
12 By the elimination of P a,SiN x in Eqs. ͑1͒ and ͑2͒, ␥ s ␥ p in each AO device ͑Nos. 1-4͒ was calculated using of each AO device at the same acoustic power ( P a, PZT ϭ83.4 mW) and ␥ b ͑ϳ0.92͒, and divided each other. By this simple process, the ratio of ␥ s in relatively thick and thin SiO 2 films (␥ ks /␥ ns ) and the ratio of ␥ p in relatively thick and thin PZT films (␥ kp /␥ np ) were calculated to be approximately 0.74 and 0.89, respectively. 0.74 of ␥ ks /␥ ns means that 74% of acoustic power is propagated through a relatively thick SiO 2 film ͑522 nm͒ assuming no decay of acoustic power in a relatively thin SiO 2 film ͑251 nm͒.
Generally, it is well known that SAW power exponentially decreases to depth direction in an isotropic material. 3 By fitting these ␥ ks /␥ ns and ␥ kp /␥ np to the exponential decay of acoustic power, we qualitatively estimated ␥ s and ␥ p with the variation of film thickness, respectively ͑Fig. 5͒. Using ␥ s , ␥ p from Fig. 5 and ␥ b ͑ϳ0.92͒, the total propagation ratios of acoustic power (␥ s ␥ p ␥ b ) in all devices ͑Nos. 1-4͒ were calculated to be approximately 54%, 61%, 41%, and 45%, respectively. This result means that about 40%-60% of P a, PZT was propagated to the SiN x film and the decreased P a, SiN x contributed greatly to the AO Bragg diffraction in our AO device. The P a, SiN x of all AO devices enabled the calculation of M 2, SiN x using Eq. ͑1͒, and the results were similar in all the AO devices with a value of 0.75ϫ10 Ϫ18 s 3 /g. This M 2, SiN x was similar to the theoretically calculated value (1.04ϫ10 Ϫ18 s 3 /g). The small difference of M 2 may result from the refractive index of SiN x film used in this experiment being smaller than the referred value (1.98Ͻ2.01).
In conclusion, we have prepared a hybrid type AO device for the observation of AO Bragg diffraction with piezoelectric PZT film, and measured with varied Q ͑, 2, and 4͒ and film thickness of top SiO 2 and PZT film, respectively. Even if the SiN x film with relatively low M 2 was used as the optical waveguide, 4%-8% of with varied Q suggested that the PZT film was a possible candidate as a piezoelectric material for a Bragg diffraction type AO device. Analysis of with varied film thickness allowed us to obtain the total propagation ratio of acoustic power (␥ s ␥ p ␥ b ) from the PZT to SiN x film and M 2, SiN x (0.75ϫ10 Ϫ18 s 3 /g).
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